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Abstract 22 
The aim of this study was to determine the chronic (≥72h post-exercise) effects of high 23 
intensity interval training (HIIT) on postprandial lipaemia and metabolic markers in healthy 24 
volunteers. Eight physically active young males (Mean ± SD: age 22 ± 3years, height 1.77 ± 25 
0.07m, body mass 67.7 ± 6.2kg) underwent two 6h mixed-meal tolerance tests and resting 26 
vastus lateralis muscle biopsies, before the first- and ≥72h after the final-session of four 27 
weeks of HIIT (16 sessions in total; 10x60s bouts of cycling at 90% maximal oxygen uptake 28 
[V̇O2max], interspersed by 60s intervals at 45% V̇O2max). Arterialised and deep venous blood 29 
samples across the forearm, brachial artery blood flow measurements, and whole-body 30 
indirect calorimetry data were obtained before, and at regular intervals for 6h after, 31 
consumption of a standardised mixed-meal. The main findings revealed that, when assessed 32 
≥72h post-exercise, postprandial free fatty acid (FFA) uptake across the forearm was 33 
increased in response to exercise training (P = 0.025). However, four weeks of HIIT did not 34 
alter fasting or postprandial circulating triglyceride (TAG) concentrations, or their tissue 35 
uptake, despite a 10.2 ± 7.7% improvement in V̇O2max (P = 0.004). Protein content of 36 
adipose triglyceride lipase (ATGL) in the vastus lateralis at rest was reduced by 25 ± 21% (P 37 
= 0.01). Collectively, these findings suggest that 4 weeks of HITT enhances postprandial 38 
clearance of FFA, when assessed ≥72h post-exercise, but does not confer persisting 39 
(training) adaptations in postprandial triglyceridaemia. 40 
 41 
 42 
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New and Noteworthy 45 
When assessed ≥72h after the last exercise session, four weeks of high intensity interval 46 
training (HIIT) does not improve triglyceridaemia, but enhances free fatty acid uptake into 47 
muscle, with a concurrent reduction in skeletal muscle ATGL protein content. This suggests 48 
previously reported acute reductions in postprandial triglyceridaemia following a single bout 49 
of HIIT do not translate to sustained improvements after four-weeks of HIIT, supporting the 50 
concept of frequent exercise for the maintenance of lipaemic control.  51 
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Introduction 52 
Exposure of the arterial endothelium to lipids and low-density lipoproteins and their remnants 53 
can cause an innate immune, local inflammatory response, which drives the formation and 54 
development of atherosclerotic lesions and plaques (24). Western diets and dietary habits 55 
typically feature substantial fat intake and frequent meal consumption, creating a sustained 56 
environment of postprandial lipaemia (PPL), which exacerbates and protracts the potentially 57 
deleterious effects of endothelial exposure (28). While the effects of atherosclerosis may 58 
only be experienced in later life, its development is a life-long process and by the end of 59 
puberty, a substantial number of individuals present with some form of coronary artery lesion 60 
(43). While some studies have sought to restore the already-compromised lipid handling of 61 
older adults, often with or at risk of the metabolic syndrome, through exercise training 62 
regiments (1, 14), sustainable interventions to improve PPL in healthy, young, untrained 63 
individuals may be atheroprotective against such developments in later life. Indeed, a single 64 
bout of prior moderate intensity continuous exercise, when performed 1-24h before feeding, 65 
has been repeatedly shown to reduce both the fasting and postprandial circulating 66 
concentrations of lipids (including triglycerides, (TAG)) and lipoproteins, in a dose-dependent 67 
fashion (20, 35) irrespective of age and metabolic health status (15). 68 
High intensity interval training (HIIT) is an exercise modality involving repeated short bouts of 69 
high and low intensity exercise/rest that has grown in popularity in recent years, which offers 70 
similar metabolic adaptations to continuous exercise training, with lower energy expenditure 71 
and a reduced time-commitment. A single bout of HIIT appears to improve acute lipid-72 
handling (measured within the first 24h after exercise) comparably to a single bout of 73 
continuous exercise, reducing postprandial triglyceridaemia with as little as 120s of intense 74 
activity in healthy young participants with normal fasting TAG (16). However, the TAG 75 
lowering effects of a single bout of exercise are transient, having been consistently shown to 76 
be lost within 48h after both endurance and high intensity interval exercise (17, 52). Previous 77 
studies have proposed that the effect of regular moderate intensity continuous exercise on 78 
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triglyceridaemia is an acute rather than a training effect (26, 27). At present, however, little is 79 
known about the effects of chronic HIIT on PPL. Previous studies using HIIT performed over 80 
a number of weeks have been limited by assessing their effect on PPL after relatively short 81 
durations of exercise abstinence (<24h) following the last bout of training (14), making it 82 
difficult to distinguish between the transient (acute) responses to the last exercise bout and 83 
any chronic (training) adaptations to multiple exercise bouts.  84 
The aim of this study was to determine whether 4 weeks of HIIT confers enduring changes in 85 
PPL and the protein content of associated lipolytic enzymes and lipid transporters, as well as 86 
other biomarkers of metabolic health, in healthy young males. We hypothesised that the 87 
beneficial effects of regular HIIT on triglyceridaemia will not be maintained beyond the period 88 
of influence (≥72h after the last exercise session) of acute lipaemia co-regulators such as 89 
exercise-induced energy deficit and shifts in substrate oxidation and delivery. 90 
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Methods 91 
Ethical Approval 92 
The study was approved by the University of Nottingham Faculty of Medicine and Health 93 
Sciences Research Ethics Committee (Ref.# D14112016) in observance of the present 94 
regulations laid out by the Declaration of Helsinki, except for registration in a database. Prior 95 
to participation, all individuals were comprehensively informed of the nature of the study, 96 
thereafter, written informed consent was obtained. 97 
Participants 98 
Eight young recreationally active males were recruited (age 22 ± 3 years, height 1.77 ± 99 
0.07m, body mass 67.7 ± 6.2kg). Medical screenings, including anthropometric measures, 100 
blood pressure, a blood sample for routine screening, a 12-lead ECG and an International 101 
Physical Activity Questionnaire (IPAQ), were undertaken. Eligibility was defined as BMI 102 
<28kg∙m-2; non-smoker; no known health conditions; not taking prescription medication; and 103 
an IPAQ classification below ‘health enhancing’. Participants reported spending an 104 
estimated 46.4 ± 9.3, 6.3 ± 3.3, 1.3 ± 1.6 and 0.7 ± 0.8h∙week-1 sitting, walking, moderately 105 
and vigorously exercising, respectively. Participants were instructed to maintain their 106 
habitual physical activity throughout the study.  107 
Experimental Overview 108 
Following satisfactory medical screening and subsequent recruitment to the study, 109 
participants attended the laboratory for two preliminary visits; once to assess and confirm 110 
maximal oxygen uptake (V̇O2max) and a second time to undertake an exercise familiarisation 111 
session (See Fig. 1 for experimental design overview). At least 72h after the familiarisation 112 
visit, following a 3-day period of exercise abstinence and dietary standardisation ending with 113 
an overnight fast, participants attended the laboratory to provide a sample of muscle tissue 114 
and to undergo a 6h mixed meal tolerance test (main experimental visit 1; Fig. 2). The main 115 
experimental visit proceedings and control measures were repeated ≥72h after the final HIIT 116 
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session (main experimental visit 2).  Lastly, participants returned to the laboratory within 48h 117 
after the second main experimental visit to have their V̇O2max reassessed and confirmed. 118 
Preliminary Visits 119 
Incremental cardiopulmonary exercise tests were performed on an electronically braked 120 
cycle ergometer (Excalibur, Lode B.V., Groningen, NL) to determine V̇O2max and 121 
corresponding heart rates and power outputs for the prescription of training intensities. To 122 
confirm if V̇O2max was achieved, following >30min of rest, a second abbreviated test was 123 
performed until a workload ~20W greater than the final stage of the first test was achieved. 124 
On a separate day, participants completed a session of HIIT to familiarise themselves with 125 
the exercise protocol and to confirm that the prescribed workloads achieved their 126 
corresponding target heart rates.  127 
High Intensity Interval Training Intervention 128 
Participants completed a total of 16 sessions of cycle ergometer-based HIIT over a period of 129 
four weeks. The HIIT protocol comprised a 3min warm-up cycling at 45% V̇O2max, 10 bouts of 130 
60s at a workload corresponding to 90% V̇O2max, interspersed with 60s at 45% V̇O2max and 131 
ended with a 2min cool-down at 45% V̇O2max. Training sessions were heart rate monitored, 132 
and workloads were increased over the 4-week training period as required to maintain heart 133 
rates corresponding to those achieved at 90% V̇O2max pre-training. 134 
Main Experimental Visit Proceedings 135 
In advance of the first main experimental visit, participants completed a 3-day food diary to 136 
assess habitual dietary intake. Dietary analysis was performed using Nutritics (Dublin, IE) 137 
and individually tailored suggestions were provided, aiming to produce similar macronutrient 138 
intake between participants (45% carbohydrate [CHO], 35% fat, 20% protein) for the 3 days 139 
prior to each main experimental visit, during which diet diaries were again recorded, to 140 
confirm standardisation. The final evening meal before the mixed-meal tolerance tests was 141 
provided and standardised, after which participants fasted overnight (>12h). 142 
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Participants arrived at the laboratory, fasted and rested, at ~08.00am and provided a urine 143 
sample, before their body mass was measured. Subjects were then asked to rest, semi-144 
supine on a bed while a muscle biopsy sample was obtained from the vastus lateralis of one 145 
leg using the suction-modified Bergstrom biopsy technique (6, 12) for the determination of 146 
skeletal muscle protein content of lipolytic enzymes and lipid transporters. 147 
Two retrograde cannulas were then inserted; one into a superficial hand vein, which was 148 
kept in a monitored hand-warming unit (55oC) to obtain arterialised-venous blood samples 149 
(18) and another was guided using ultrasound into a deep vein of the opposing forearm. The 150 
cannulas were kept patent via a saline drip and samples from each line were simultaneously 151 
obtained at baseline (fasted) and then every 20min for the first 3h, and hourly for the 152 
following 3h, after consumption of the mixed meal. Brachial artery blood flow (BFBA; 153 
expressed in ml∙min-1) was assessed using Doppler ultrasound (Aplio 300, Toshiba, TYO, 154 
JP) immediately after each blood sample, enabling the calculation of rates of substrate (S) 155 
uptake (expressed in mmol∙l-1 or µmol∙l-1) across the forearm, using the following equation: 156 
Suptake = ([S]arterialised - [S]venous) × BFBA 157 
Resting substrate oxidation rates and energy expenditure were assessed pre, and 2, 4 and 158 
6h postprandial, via indirect calorimetry using a flow-based-dilution canopy hood (Quark 159 
RMR, Cosmed, IT). Urine output volume was measured, and samples were collected, 160 
before, during and after the tolerance test. 161 
The meal, comprising croissants, butter, jam and hard-boiled eggs, with a whole milk, double 162 
cream, sugar and cocoa powder drink, was prescribed according to the participant’s fasted 163 
body mass, providing 17.6kcal∙kg-1, comprising 1.2g∙kg-1 fat, 1.2g∙kg-1 CHO, and 0.5g∙kg-1 164 
protein, accompanied by 2ml∙kg-1 water. Consumption of the meal was paced to last 10min, 165 
the end of which was considered time = 0min postprandial. 166 
 167 
 168 
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Blood Analysis 169 
For the determination of blood glucose concentration, an aliquot of whole blood was rolled in 170 
fluoride-containing microtubes for 3min before analysis (YSI 2300, Yellow Springs 171 
Instruments, OH, US). Blood samples were centrifuged immediately after collection at 172 
10,000g for 10 min at 4oC within tubes containing EGTA-glutathione to obtain plasma, or left 173 
to coagulate within spray-coated silica and polymer gel tubes before centrifugation for the 174 
extraction of serum. Blood samples were stored at -80°C until analysis. 175 
Serum triglyceride (TAG) and plasma free fatty acids (FFA) concentrations were determined 176 
by coupled enzymatic colorimetry using a clinical chemistry analyser (ABX Pentra 400, 177 
Horiba Ltd., JP). Serum insulin concentrations were determined using a commercially 178 
available radioimmunoassay (Merck Millipore Cat# HI-14K) via the double 179 
antibody/polyethylene glycol technique (25). Total serum concentrations of branched-chain 180 
amino acids (BCAA) were determined spectrophotometrically, based on the principle that 181 
leucine, isoleucine and valine are oxidatively deaminated by leucine dehydrogenase with 182 
stoichiometric reduction of NAD (4). Briefly, glycine-KCl-KOH buffer (0.2M glycine; 0.2M 183 
potassium chloride; 2mM EDTA, brought to pH 10.5 with 2M potassium hydroxide), 184 
containing NAD (120mM), was added to serum samples. Changes in absorbance at 340nm, 185 
corresponding to NADH formation (proportional to BCAA concentration) were measured in 186 
samples and standards before and 60min after the addition of leucine dehydrogenase 187 
(specific activity ≥60U·mg-1; Sigma-Aldrich Cat# L5135-25UN) within a 25mM sodium 188 
phosphate buffer (pH 7.2), to enable calculation of BCAA concentrations. Urea 189 
concentrations were quantified in plasma (from the first and last blood samples during the 190 
tolerance test) as well as in urine, using a commercially available enzymatic kinetic assay 191 
(Randox Cat# UR220) to determine nitrogen urea excretion rates, which were used to 192 
correct indirect calorimetry data for protein oxidation rates using equations from Frayn (13). 193 
 194 
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Skeletal Muscle Analysis 195 
Muscle protein was extracted by adding ~30mg of wet tissue to 300µl of HEPES (SIGMA 196 
Cat# H4034) homogenisation buffer and protease inhibitor cocktail (SIGMA Cat# P8340). 197 
Samples were homogenised for 30s with a Polytron and left on ice for 20min, before being 198 
transferred to Eppendorf tubes and centrifuged at 10,000g for 20min at 4oC. Supernatant 199 
was transferred into clean Eppendorf tubes with SDS. Protein quantification was performed 200 
using a Pierce bicinchoninic acid protein assay (Thermo Fisher Cat#23225) and samples 201 
stored at -80oC. 202 
Fifty micrograms of total muscle lysate protein per sample was separated in a 12% gel via 203 
SDS-PAGE and electro-blotted overnight to polyvinylidene difluoride membranes. Due to 204 
traditional house-keeping proteins (actin and cyclophilin B) proving unsuitable due to a 205 
tendency towards upregulation after training, membranes were stained with Ponceau-S and 206 
washed in TBS-T for 2x30s. Membranes were then digitally imaged and each lane was 207 
quantified by densitometry using AIDA v.4.27 software (RRID:SCR_014440) to further 208 
control for equal protein loading and transfer between lanes during subsequent analysis of 209 
proteins of interest as previously described (7, 38). Membranes were blocked in 5% (w/v) 210 
Marvel milk or BSA in Tris-buffered saline containing 0.1% tween 20 (TBS-T) for 1h at room 211 
temperature. Membranes were incubated overnight at 4°C with primary antibodies for 212 
lipoprotein lipase (LPL) (Abcam Cat# ab21356, RRID:AB_446221) and fatty acid transport 213 
protein-1 (FATP1) (Sigma-Aldrich Cat# SAB1402095, RRID:AB_10609989) at 1 in 1000 214 
concentration in 5% milk, adipose triglyceride lipase (ATGL) (Abcam Cat# ab109251, 215 
RRID:AB_10864772) at 1 in 1000 in 5% BSA, and fatty acid translocase (CD36) (Novus 216 
Cat# NB400-144, RRID:AB_10003498) at 1 in 5000 in 5% BSA. After 5x5min TBS-T 217 
washes, membranes were incubated for 1h at room temperature with a horse radish 218 
peroxidase-linked secondary antibody for the detection of primary antibodies for LPL (Dako 219 
Cat# P0447, RRID:AB_2617137) at 1 in 2000 in 5% milk, ATGL and CD36 (Dako Cat# 220 
F005401, RRID:AB_578625) both at 1 in 2000 in 5% BSA, and FATP1 (Dako Cat# F005401, 221 
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RRID:AB_578625) at 1 in 2000 in 5% milk. After 3x10min washes in TBS-T, immunoreactive 222 
proteins were visualised using ECL prime (GE Healthcare, Cat# RPN2232) and quantified by 223 
densitometry. 224 
Statistical Analysis 225 
Data analysis was performed in Prism 7 (GraphPad Prism, RRID:SCR_002798). The effects 226 
of training on circulating biomarkers across the tolerance test were analysed using two-way 227 
(training x postprandial time) repeated measures analysis of variance (ANOVA) with post-228 
hoc Bonferroni corrections. Group means were compared using paired samples, two-tailed t-229 
tests. Pearson product-moment correlation was used to assess the relationship between 230 
pre-training V̇O2max and its magnitude of change following training. Data are presented as 231 
mean ± SD. Statistical significance was defined as P < 0.05.  232 
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Results  233 
Participants completed all 16 HIIT sessions in 24 ± 2 days, with no adverse outcomes. Post-234 
training main experimental visits and cardiopulmonary exercise tests were carried out 78 ± 235 
10h and 114 ± 24h after the final training session, respectively. Self-reported energy intake 236 
across the 3 days prior to main visits was not different between the pre- and post-training 237 
period (2145 ± 264 vs. 2092 ± 357kcal, P = 0.41), nor was relative energy contribution from 238 
carbohydrate, fat and protein (46.3 ± 6.6 vs. 45.1 ± 9.7% CHO, P = 0.58; 35.1 ± 5.6 vs. 36.3 239 
± 9.0% fat, P = 0.62, and 18.6 ± 2.1 vs. 18.6 ± 3.1% protein, P = 0.97). 240 
Cardiopulmonary Fitness 241 
Maximal oxygen uptake increased 10.2 ± 7.7% with training (P = 0.004) (Table 1). Pearson’s 242 
product moment revealed a negative correlation (r = -0.88) between pre-training V̇O2max and 243 
change in (Δ)% V̇O2max. Across the 16 sessions of HIIT, power output corresponding to 90% 244 
V̇O2max was increased by 11 ± 4% (from 197 ± 28W in the first training session to 219 ± 29W 245 
in the last training session). 246 
Postprandial Metabolic Markers 247 
There was no effect of HIIT on concentrations of glucose in arterialised or venous blood in 248 
response to feeding of a mixed meal (Fig. 3A and B). Thus, no significant changes over time 249 
were found in arteriovenous differences or uptake across the forearm (Fig. 3C). Training had 250 
no significant effect on arterialised serum insulin concentrations after feeding (Fig. 4A). 251 
There was no effect on circulating TAG concentrations within arterialised or venous blood 252 
(Fig. 3D and E), and hence no change in arteriovenous differences or uptake (Fig. 3F). 253 
Furthermore, there was no significant difference between the pre- and post-training trials in 254 
total- or incremental-area under the curve (tAUC and iAUC, respectively) for arterialised 255 
TAG concentrations (tAUC pre 561 ± 205 mmol·L-1·360min vs post 619 ± 248 mmol·L-256 
1·360min, P = 0.33; iAUC pre 254 ± 116 mmol·L-1·360min vs post 305 ± 172 mmol·L-257 
1·360min, P = 0.35). While no statistically significant effect of training was found on FFA 258 
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concentrations (Fig. 3G and H), or their arteriovenous differences, there was a significant 259 
effect on FFA uptake across the forearm (P = 0.025) (Fig. 3I). BCAA concentrations, their 260 
arteriovenous differences, and forearm uptake were not altered by training (Fig. 3J, K and L). 261 
No main effect of training was found in blood flow across the full postprandial window, 262 
however a tendency (P = 0.067) to increase was evident during the last 2 hours of the 263 
postprandial period (Fig. 4B).  264 
Muscle Lipolytic Enzyme and Fatty Acid Transporter Protein Content 265 
After four weeks of HIIT, protein content of ATGL in the vastus lateralis muscle at rest was 266 
significantly reduced by 25 ± 21% (P = 0.01) (Fig. 5A), while FATP1 content exhibited a 267 
tendency to decline by 30 ± 35% (P = 0.066) (Fig. 5B). There was no significant difference in 268 
the protein content of CD36 (Fig. 5C) or LPL (Fig. 5D), between pre- and post-training 269 
intervention samples.  270 
Resting Substrate Oxidation and Energy Expenditure 271 
Fasting metabolic rate (RMR) was unaltered in response to training (Pre: 1.28 ± 0.16 vs 272 
Post: 1.30 ± 0.10kcal·min-1, P = 0.55). Postprandial RMR was also not different post-training 273 
(mean Pre: 1.43 ± 0.12 vs mean Post: 1.39 ± 0.15kcal·min-1, P = 0.52). Furthermore, neither 274 
fasting carbohydrate (Pre: 2.33 ± 1.58 vs Post: 2.10 ± 1.68mg·kg-1·min-1, P = 0.82) nor fat 275 
(Pre: 1.01 ± 0.73 vs Post: 1.06 ± 0.47mg·kg-1·min-1, P = 0.89) oxidation rates were 276 
significantly influenced by training (n=7). Similarly, there was no effect of training on 277 
postprandial carbohydrate (mean Pre: 2.02 ± 0.50 vs mean Post: 2.52 ± 1.01mg·kg-1·min-1, 278 
P = 0.83) nor fat (mean Pre: 1.27 ± 0.32 vs mean Post: 0.96 ± 0.30mg·kg-1·min-1, P = 0.62) 279 
oxidation rates (n=7).  280 
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Discussion 281 
The principle novel finding of this study was that, when measured ≥72h after the final bout of 282 
16 sessions of HIIT, postprandial FFA uptake across the forearm of healthy young males 283 
was significantly increased, but circulating TAG concentrations and their tissue uptake were 284 
not altered. This suggests that the lipaemia-lowering effects of the HIIT modality, which has 285 
previously been shown to acutely induce marked improvements in postprandial lipid handling 286 
(45), are primarily transient in nature and do not accumulate with regular exercise training.  287 
The fasting and postprandial triglyceridaemia-lowering effects of a single bout of HIIT have 288 
been shown to last for at least 24h and resolve within 48h in physically active and sedentary 289 
young males (5, 17). In women at risk of the metabolic syndrome, postprandial TAG was 290 
reduced 14-16h after a single bout of HITT, however there was no further attenuation after 6 291 
weeks of HITT when reassessed 14-16h after the last bout of exercise (14). From these 292 
findings, however, it is not possible to ascertain whether chronic exercise training increases 293 
the duration of enhanced lipaemic control beyond that seen acutely in response to a single 294 
bout, which appears to resolve within 48h. The present study assessed the effects of chronic 295 
HIIT, beyond the period of influence of acute lipaemia co-regulators such as exercise-296 
induced energy deficit and shifts in substrate oxidation and delivery. Expanding upon 297 
previous work, the findings from the present study suggest that regular HIIT does not further 298 
maintain the triglyceridaemia-lowering effects of acute HIIT in metabolically healthy 299 
individuals, and as such must be performed at least every 48h to maintain the previously 300 
reported acute efficacy. 301 
The observed increase in tissue FFA uptake appears to reflect trends towards both 302 
increased FFA arterio-venous differences and increased forearm blood flow during the last 2 303 
hours of the postprandial period. Further examination of our results revealed strong negative 304 
correlations between circulating arterialised FFA and insulin concentrations both pre- and 305 
post-training (r = -0.931 and r = -0.963, respectively). Interestingly however, circulating 306 
insulin concentration and indices of insulin sensitivity remained unchanged with training, 307 
Downloaded from www.physiology.org/journal/jappl at Univ of Nottingham (128.243.183.083) on November 15, 2019.
 15
suggesting that the observed increase in FFA uptake is insulin-independent. Accordingly, no 308 
improvements in fasting or postprandial glucose concentrations or tissue uptake were 309 
observed following training. 310 
It has previously been reported in individuals with obesity that 8 weeks of 10x60s HIIT did 311 
not alter fasting lipid markers ~72h after the last bout of exercise, but did increase flow 312 
mediated dilatation despite an absence of changes in insulin concentrations or markers of 313 
endothelial function (40). Babraj et al. (3) reported reduced total area under the curve for 314 
FFA, as well as glucose and insulin in response to an oral glucose tolerance test, when 315 
assessed 2-3 days after 6 sessions of HIIT. Since there was a substantial reduction in 316 
fasting FFA but not insulin concentrations, it was suggested that HIIT enhanced the lipolytic-317 
inhibitory effect of insulin, which is consistent with the reduction in fasting ATGL protein 318 
content reported in the present study, although fasting FFA was not lowered. 319 
Seemingly incongruously, increased FFA uptake has been associated with the insulin 320 
resistant state for its role in the accumulation of intracellular lipids, while impaired FFA 321 
uptake has been observed in individuals with impaired glucose tolerance (47, 48). It is 322 
important to note, however, that the deleterious associations of FFA uptake and metabolic 323 
health are typically observed in physically inactive, but not trained, individuals. Indeed, 324 
fasted skeletal muscle FFA uptake and oxidation is greater in lean than obese individuals (8) 325 
and regular exercise training increases muscle lipid oxidative capacity and intramyocellular 326 
triglyceride content (IMTG) (37), a phenomenon termed the athlete’s paradox (11, 21).  327 
Training-induced increases in FFA uptake may, therefore, increase the potential for lipid 328 
oxidation while also increasing re-esterification of circulating fatty acids into the 329 
intramyocellular lipid pool. However, the rise in FFA uptake reported in the present study 330 
was not accompanied by a corresponding increase in whole body fasted fat oxidation, nor in 331 
response to feeding, which is consistent with previous findings of increased fat and 332 
decreased CHO oxidation at rest 24h, but not 72h, after the final bout of two weeks of HIIT 333 
comprising repeated 30s maximal effort cycling sprints (51). Collectively, our observations 334 
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might be indicative of greater FFA-derived IMTG accumulation in response to regular HIIT 335 
(the aforementioned athlete’s paradox) which is typically observed as an adaptive response 336 
to endurance training, enabling a greater contribution of locally stored lipids as a substrate 337 
during exercise (49). 338 
In the present study there was a modest but significant reduction in the protein content of 339 
skeletal muscle ATGL at rest after chronic training, as well as a tendency for FATP1 content 340 
to decline in a similar fashion, but there was no change in that of CD36 or LPL. ATGL is 341 
principally responsible for catalysing the initial step in TAG hydrolysis (53) and inactivation of 342 
the ATGL coding gene in mice increases IMTG content and decreases both fasted and fed 343 
concentrations of plasma FFA (22). 344 
The effect of exercise training on skeletal muscle ATGL is currently poorly understood. In 345 
both normal weight and obese males skeletal muscle ATGL protein content is increased 346 
approximately two-fold 48h after cessation of 8 weeks of moderate intensity exercise 347 
training, with concurrent reductions (28 - 42%) in IMTG content (2, 34), despite a previously 348 
reported propensity for IMTG repletion within 48h of prolonged exercise with normal dietary 349 
fat provision (50). In contrast to our study, when assessed 72h after the final bout of 6 weeks 350 
of HIIT, ATGL protein content of the vastus lateralis in healthy overweight individuals was 351 
not different to pre-training levels (32). Pertinently however, endurance exercise training has 352 
also been shown to increase IMTG content via increased lipid droplet number, particularly 353 
within the intramyofibrillar region of type 1 fibres (9, 44). Furthermore, while ATGL content is 354 
greater in habitually trained individuals than untrained individuals with type 2 diabetes, 12 355 
weeks of combined aerobic and resistance exercise training did not alter its content in 356 
individuals with type 2 diabetes, but  shifted the intramyocellular lipid droplet phenotype 357 
towards that of the habitually trained (9).  358 
It is plausible, therefore, that while a single bout of HIIT may acutely upregulate ATGL and 359 
reduce IMTG content, chronic training may elicit the ‘paradoxical’ increase in resting IMTG 360 
due to a synergistic increase in skeletal muscle FFA-uptake and reduction in IMTG 361 
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hydrolysis due to reduced ATGL content. Collectively, these adaptations may promote an 362 
IMTG-rich environment capable of controlling intramuscular lipid droplet dynamics in 363 
response to feeding and exercise, through the interaction of lipases, their coactivators and 364 
lipid-droplet-associated proteins (10), which is distinct from that present with obesity and 365 
inactivity where metabolic flexibility is lost. 366 
Divergent signalling responses between muscle fibre phenotypes have been reported in 367 
response to HIIT and moderate intensity exercise (31), and inter-individual differences in 368 
muscle phenotype may also explain some of the variation in muscular lipid-handling 369 
responses to training. Greater contractile intensity, such as in HIIT, increases recruitment of 370 
fast fibres, the local activity of which has been suggested to be associated with increased 371 
LPL activation and immunoreactive mass (17, 23, 39). ATGL is purportedly expressed 372 
mainly in type 1 muscle fibres (30). Since vastus lateralis muscle comprises a mixed 373 
distribution of fast and slow type fibres (42), this might explain some of the disparity in 374 
findings between studies. Despite a lack of consensus between studies, the finding of 375 
increased FFA uptake into tissue and the reduction of ATGL content in the present study 376 
appear mutually beneficial for the accumulation and subsequent preservation of IMTG, 377 
allowing for greater local substrate oxidation during exercise, as previously reported (41).  378 
Interestingly, skeletal muscle FATP1 content tended to be downregulated in the present 379 
study, albeit with substantial variation between individual responses. FATP1 is an integral 380 
membrane protein that is highly expressed in skeletal muscle and plays a role in mediating 381 
fatty acid import into skeletal myocytes (33). It has been shown in cultured human myotubes 382 
that FATP1 stimulates transport of fatty acids and channels them away from oxidation and 383 
towards intramyocellular TAG synthesis (19). However, the effects of exercise training on 384 
FATP1 are poorly understood. Consistent with our findings, 8 weeks of aerobic training, 385 
eliciting a 15% increase in V̇O2max, induced a 20% reduction in FATP1 protein content, but 386 
did not alter CD36 content in comparable participants (29). Furthermore, in metabolic 387 
syndrome patients, 16 weeks of aerobic interval training, comprising 4x4min intervals at 90% 388 
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maximum heart rate (HRmax) interspersed with 3min recovery at 70% HRmax, had no effect on 389 
FATP1 protein content in vastus lateralis muscle, but was reduced 3- to 4-fold in adipose 390 
tissue (46). Even in habitually active individuals, FATP1 and CD36 mRNA and protein 391 
expression have been shown not to differ from sedentary, normoglycaemic, and type 2 392 
diabetic counterparts (36). Clearly, further research into the roles of fatty acid transport 393 
proteins and lipases, with regards to adaptations to exercise training is warranted in order to 394 
better understand their significance in metabolic health. 395 
In conclusion, four weeks of high intensity interval training without weight-loss increases the 396 
postprandial uptake of circulating FFA, with a concurrent reduction in the protein content of 397 
skeletal muscle ATGL, but does not affect conventional markers of fasting or postprandial 398 
lipaemia when assessed ≥72h after the last bout of exercise. Collectively, these findings 399 
suggest that 4 weeks of HITT does not confer persisting (training) adaptations in 400 
postprandial triglyceridaemia. In light of previously reported acute reductions in postprandial 401 
triglyceridaemia following a single bout of HIIT, these findings support the concept of 402 
avoiding prolonged exercise abstinence for the maintenance of lipaemic control. 403 
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Figure Legends 578 
    Fig. 1. Schematic overview of the experimental design of the study. 579 
    Fig. 2. Schematic overview of the main experimental visits. 580 
    Fig. 3. Circulating arterialised and deep venous concentrations of substrates and their rates 581 
of uptake across the forearm in response to an orally ingested mixed-meal tolerance test, 582 
pre- (closed squares; ■) and ≥72h post- (open circles; ○) four weeks of high intensity interval 583 
training. TAG, triglyceride; FFA, free fatty acids; BCAA, branched chain amino acids. Data 584 
are reported as mean ± SD, n = 8. Two way repeated measures ANOVA with post-hoc 585 
Bonferroni corrected paired t-tests. *Significant main effect of training on FFA uptake across 586 
the forearm, P = 0.025. 587 
     Fig. 4. (A) Circulating concentrations of arterialised serum insulin and (B) forearm blood flow 588 
as measured via doppler ultrasound of the brachial artery, in response to an orally ingested 589 
mixed-meal tolerance test, pre- (closed squares; ■) and ≥72h post- (open circles; ○) four 590 
weeks of high intensity interval training. Data are reported as mean ± SD, n = 8. Two way 591 
repeated measures ANOVA with post-hoc Bonferroni corrected paired t-tests. †Trend 592 
towards a main effect of training on forearm blood flow between 240-360min postprandially, 593 
P = 0.067.  594 
    Fig. 5. Protein content and blots of (A) adipose triglyceride lipase (B) fatty acid transport 595 
protein 1 (C) fatty acid translocase and (D) lipoprotein lipase, in vastus lateralis muscle 596 
biopsy samples obtained at rest, in the fasted state, pre- and ≥72h post- four weeks of high 597 
intensity interval training. Data are reported as mean (bars) and individual participant 598 
responses (closed circles; ●), n = 7 (one participant’s data excluded from analysis due to 599 
recurring abnormal resolving of one sample during SDS-PAGE. First vertical line on images 600 
of blots indicates where first gel ends, second vertical line indicates where the excluded 601 
participant’s bands have been cropped out of the image). Proteins of interest were 602 
normalised against total lane intensity obtained from Ponceau-S staining. Paired samples, 603 
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two tailed, t-tests. *Significant reduction in adipose triglyceride lipase protein content after 604 
training, P = 0.01.  605 
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Table 1. Fasting characterstics of study participants before and ≥72h after 4-weeks of HIIT 
Characteristics Pre Post  P-value 
Body Mass (kg) 67.66 (6.22) 67.86 (6.31) 0.57 
V̇O2max (ml∙kg-1∙min-1) 47.30 (5.46) 51.80 (3.41) 0.004* 
BAD (mm) 4.09 (0.12) 4.01 (0.16) 0.21 
BFBA (ml∙min-1) 44.05 (5.47) 68.42 (7.84) 0.09 
Glucose (mmol∙L-1) 4.16 (0.09) 4.13 (0.20) 0.89 
Insulin (mIU∙L-1) 8.58 (0.97) 10.06 (1.18) 0.30 
HOMA2-IR 1.16 (0.37) 1.37 (0.45) 0.27 
TAG (mmol∙L-1) 0.82 (0.10) 0.87 (0.09) 0.54 
FFA (mmol∙L-1) 0.53 (0.05) 0.49 (0.04) 0.13 
BCAA (µmol∙L-1) 252.1 (13.7) 245.5 (14.2) 0.73 
 
Data are reported as mean ± SD, n = 8. BAD, brachial artery diameter; BFBA, brachial artery 
blood flow; HOMA2-IR, homeostatic model assessment index version 2; TAG, triglyceride; 
FFA, free fatty acids; BCAA, branched chain amino acids. *Statistically significant difference. 
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